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首先，本研究利用独立于纯培养的分子生态学手段 (Sanger 测序和 454 焦磷
酸测序) 研究南中国海及其邻近西太平洋微微型真核生物 18S rDNA 多样性。在
基于 Sanger 测序的横跨南中国海的研究中发现，Alveolata (囊泡虫类) 占克隆子
数量的 58.6%，且其中主要由两个新生类群  MALV (the novel Marine 
ALVeolates)-I (18.8%) 和 MALV-II (30.6%) 组成，这两个类群占据总可操作分类
单元 (OTU) 数量的 66.5%。MAST (the novel MArine STramenopiles) 类群 7 个
分支广泛分布于南中国海文库。Rhizaria (有孔虫界) 中的 Radiolaria (放射虫) 类
群主要发现于采集自60 m水层样品。在本研究中我们报道了一个全新的Hacrobia
进化分支，这表明在高进化水平上仍然有一些新类群有待发现。Archaeplastida (原
始色素体类) 和 Choanoflagellida (领鞭毛虫) 多样性明显低于其他 4 个“超类群 
(supergroup)”。在基于 454 焦磷酸测序南中国海及邻近西太平洋的研究中发现，
Alveolata 仍然是最为丰富的类群，其序列在 77 个样品中占 9.8–98.8%，平均为
60.6%。stramenopiles (不等鞭毛类) 占序列 0.24–20.3%，平均为 12.6%。在采集
自 300 m 和 500 m 的样品中，放射虫占据非常高的序列比例，分别为 81.9%和





海北部自珠江口到 SEATS (SouthEast Asian Time-Series) 站针对微微型真核浮游
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等 3 个属)、Prymnesiohyceae (普林藻纲)、Pelagophyceae (浮生藻纲)、Bolidophyceae 
(迅游藻纲) 等的丰度进行了 4 个季节的时空变动研究。结果表明，Micromonas
和 Ostreococcus 在夏季近岸区达到最大丰度，分别为 9008 cells mL–1 和 6070 cells 
mL
–1；Bathycoccus 在春季陆架区达到最大丰度，为 5122 cells mL–1。普林藻、




果表明，普林藻和 Prasinophyceae (青绿藻) 在夏季西太平洋海区和冬季南中国海
北部是真核类群叶绿素 a 生物量的主要贡献者。 
在南中国海生态系统中，有关于微微型真核浮游植物基于纯培养的生理生态
学研究研究很少。我们针对一株分离自南中国海北部的微微型浮游植物株系
SCSH14，通过光学显微镜、透射电子显微镜、光合色素分析和 18S rDNA 测序
等手段确认其为 Micromonas pusilla (Mamiellophyceae)，并开展了生理生态学研
究。通过不同梯度光强 (50，100，150，250 和 400 μmol photons m–2 s–1) 的生
长实验，表明 Micromonas pusilla SCSH14 在 250 μmol photons m–2 s–1光强下达到
最大生长率 1.92 ± 0.19 d–1。Micromonas pusilla SCSH14 基于体积的碳转换因子 
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Abstract 
Picoeukaryotes, unicellular eukaryotes having a diameter less than 3 μm, are 
recognized as crucial components of marine ecosystems in terms of their biomass and 
primary production. However, little is known regarding the diversity, distribution and 
ecophysiology of picoeukaryotes in the western Pacific Ocean and its marginal seas. 
Here, we revealed the diversity, distributions and ecophysiology of picoeukaryotes in 
the South China Sea (SCS) and its adjacent western Pacific Ocean using 
culture-independent and culture-dependent approaches. Our findings provide new 
insights into the ecological roles of picoeukaryotes in the monsoon-driven 
ecosystems. 
In this study, we used culture-independent approaches, Sanger-based sequencing 
and 454 pryosequencing, to assess the 18S rDNA diversity. In the survey across the 
subtropical-tropical SCS employing Sanger sequencing, the Alveolata group 
comprised 58.6% of the clones and was mainly represented by the novel Marine 
ALVeolates (MALV)-I (18.8%) and MALV-II (30.6%), corresponding 66.5% of total 
operational taxonomic units (OTUs). Sequences affiliated with seven clades of the 
novel MArine STramenopiles (MAST) were widely distributed in different clone 
libraries. However, the Radiolaria, as the major group of Rhizaria, were mainly 
detected in libraries from depths of 60 m. We also reported an entirely new group 
representing the deepest evolutionary branch of the Hacrobia; this finding suggests the 
existence of novel picoeukaryotes at a high taxonomic level. The Archaeplastida and 
Choanoflagellida showed a lower diversity compared with the other four supergroups. 
In systematic investigations conducted in the western Pacific Ocean and its marginal 
seas using 454 pryosequencing, the Alveolata group was still the most abundant 
supergroup ranging from 9.8 to 98.8% in seventy-seven samples with an average of 
60.6% of reads. The stramenopiles accounted for 0.24 to 20.3% of the reads with an 
average of 12.6%. The Radiolaria reads obtained extremely high proportions in 300 
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certain proportions of reads obtaining a maximum value of 65.7%. The rest taxa were 
represented by a certain number of reads. Our findings further emphasize the immense 
diversity of picoeukaryotes, especially in the subtropical-tropical western Pacific 
Ocean. 
Using fluorescent in situ hybridization associated with tyramide signal 
amplification (FISH-TSA), we quantified the seasonal abundances (four seasons) of 
the major groups, such as Mamiellophyceae (including Micromonas, Ostreococcus 
and Bathycoccus), Prymnesiohyceae, Pelagophyceae and Bolidophyceae, along a 
transect located in the northern SCS from the Pearl River estuary to the SouthEast 
Asian Time-Series (SEATS) station. Micromonas and Ostreococcus obtained the 
highest abundances of 9008 and 6070 cells mL
–1
, respectively, in the coastal water 
during the summer cruise; and Bathycoccus was most abundant with a maximum 
value of 5122 cells mL
–1
 in the slope during the spring cruise. The abundances of 
Prymnesiohyceae, Pelagophyceae and Bolidophyceae increased significantly in the 
stratified summer waters. The carbon biomass patterns of major picophytoplankton 
grouped into two types; the eukaryotic groups obtained higher proportions in the fall 
and winter seasons than in the spring and summer seasons. The results of 
picophytoplankton community structure analyses using high performance liquid 
chromatography (HPLC) showed that the prymnesiophytes and prasinophytes 
dominated the chlorophyll a biomass of the picoeukaryotic groups in the western 
Pacific Ocean in summer and in the northern SCS in winter. 
Few species of photosynthetic picoeukaryotes were described in the western 
Pacific Ocean. In this study, an isolates termed SCSH14 from the SCS was 
characterized via light microscopy, transmission electron microscopy, photosynthetic 
pigment analysis and 18S rDNA sequencing. SCSH14 was solidly identified as 
Micromonas pusilla (Mamiellophyceae). Growth experiments showed that 
Micromonas pusilla SCSH14 obtained the highest growth rate of 1.92 ± 0.19 d
–1
 at 









), suggesting high-light adaption of this species. The high carbon 
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factor of 1253 ± 489 fg C μm
–3
. These findings contribute to the understanding of 
trait-based community dynamics of photosynthetic picoeukaryotes in the SCS. 
Keywords: photosynthetic picoeukaryotes, 18S rDNA, 454 pyrosequencing, 
















缩略词 英文全称 中文 
19-Hex 19'-hexanoyloxyfucoxanthin 19'-己酰基氧化岩藻黄素 
Chl a chlorophyll a 叶绿素 a 
Chl b chlorophyll b 叶绿素 b 
DAPI 4',6-diamidino-2-phenylindole 4',6-二脒基-2-苯基吲哚 
DCM deep chlorophyll maximum 叶绿素最大值深度 
DNA deoxyribonucleic acid 脱氧核糖核酸 
EDTA ethylene diamine tetraacetic acid 乙二胺四乙酸 
FCM flow cytometer 流式细胞术 
FISH fluorescent in situ hybridization 荧光原位杂交 
HPLC high performance liquid chromatography 高效液相色谱 
ML maximum likelihood 最大似然法 
MLD mixed layer depth 混合层深度 
NGS next generation sequencing 第二代测序 
OTU operational taxonomic unit 可操作分类单元 
PBS phosphate buffer solution 磷酸缓冲液 
PCR polymerase chain reaction 聚合酶链式反应 
RDA redundancy analysis 冗余分析 
rDNA ribosomal RNA gene 核糖体 RNA 基因 
SDS sodium dodecylsulfate 十二烷基磺酸钠 
SSU ribosomal small subunit 核糖体小亚基 
TEM transmission electron microscopy 透射电子显微镜 
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程中起着重要作用；此外，混合营养 (mixotrophy) 和寄生 (parasistism) 也是海




的类群 (Sieburth et al. 1978; Stochner 1988)。起初只有原核类群被归于微微型浮
游生物 (picoplankton，0.2–2 μm)，微小的真核生物类群被归到微型浮游生物 
(nanoplankton， 2–20 μm)，还有个体稍大的定义为小型浮游生物 (microplankton，
20–200 μm)，此后微微型浮游生物这一定义才更加广泛的囊括了细菌、古菌以及
细胞粒径在此范围内的真核类群。由于在海洋微微型浮游生物研究中通常采用 3 
μm 孔径滤膜，如今海洋微微型浮游生物被广泛定义为粒径≤3 μm 的类群 (Vaulot 
et al. 2008)。以 3 μm 为界限对研究微微型真核类群 (picoeukaryotes) 更合适 
(Massana 2011)；此外，也有少量研究将粒径≤5 μm 的类群仍然视为微微型浮游
生物 (Acosta et al. 2013)。 
海洋微微型浮游生物个体微小，迄今发现的个体最小的自养真核生物
Ostreococcus tauri 粒径仅 0.95 μm (Courties et al. 1994)。微微型浮游植物 
(picophytoplankton) 的这种微小的个体特征以及由此带来的高比表面积，使得其
在营养盐等生源要素利用上相比个体较大细胞更具优势 (Raven 1998)，因而在寡
营养的开阔大洋海区，以原绿球藻 Prochlorococcus (~0.6 μm)、聚球藻

















同的环境下成为优势类群 (Johnson et al. 2006)。大量基于流式细胞术 (flow 




群成为微微型浮游植物的优势类群 (Wright et al. 2009)。 
1.2 微微型真核生物 
微微型真核生物对于开创环境分子生态学研究的细菌学家来说个体太大，但






这些生物大多是是单细胞生物，它们以单细胞或者以群落形式存在 (Adl et al. 
2012)。原生生物之间除了本身的简单结构外，彼此之间并无太多相似之处。原








型真核浮游植物通常在海洋初级生产中起到举足轻重作用 (Li 1994; Worden et al. 
2004; Marañón et al. 2001; Jardillier et al. 2010)。微微型真核浮游植物通常经由
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体中可达 105 cells mL–1 (Sanders et al. 2000; Li 2009)。由于与原核类群相比具有
更高细胞含碳量和更高的碳吸收速率，微微型真核浮游植物在印度洋 (Indian 
Ocean) 能占据生物量的 38–50% (Not et al. 2008)，在近岸生态系统有时能占据 76% 
(Worden et al. 2004)。 
微微型真核生物在海洋生态系统中重要功能不光在于在光合固碳方面，其异
养活动之于海洋生态系统也具有重要生态作用。异养微微型真核生物 
(heterotrophic picoeukaryotes) 大多数由荧光显微镜定量，也有少数情况用 FCM
来计数定量 (Zubkov & Tarran 2008)。异养微微型真核生物丰度在微微型真核生
物中通常占据 20–30%，细胞丰度一般为 3 × 102–3 × 103 cells mL–1，一般在高生
产力区丰度较高 (Massana 2011)。异养微微型真核生物主要以细菌为食，它们能
通过摄食细菌的方式使得微食物环中原核部分的营养物质流向更高的营养级 





完成，这一定程度上可解释为何小于 2–5 μm 的微微型浮游植物经常在海洋中占
据支配地位 (Zubkov & Tarran 2008)。 
1.3 微微型真核生物生态学研究 
基于微微型真核生物重要的生态作用，当前对微微型真核生物的研究主要集
中在遗传多样性、分布及群落结构、生理生态学等 3 个方面。 






微生物生态学中 (Olsen et al. 1986)，海洋环境中微微型浮游生物多样性随即开始
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